EphB2 oligomerization but not EphB2 kinase activity, induce changes in synaptic structure. Together, these suggesting that this interaction is mediated through the data demonstrate that EphB2 plays an important role extracellular domain of EphB2. These data raise the in regulating synaptic function. 
in an activity-dependent manner by stimuli known to during and immediately following target innervation (embryonic day [E]10-16). Postnatally, this pattern reverses, induce synaptic plasticity. Finally, we demonstrate that EphB2 null mice exhibit an attenuation of NMDA-depenwith EphB2 becoming expressed primarily in neuronal dendrites. As shown in Figures 1C and 1E -1G, EphB2 dent LTP at both Schaffer collateral/CA1 and perforant/ dentate granule synapses, while EphB2 mutants that is absent in virtually all postnatal axonal tracts, a notable exception being hippocampal pyramidal neurons, which lack kinase activity exhibit wild-type levels of LTP.
exhibit both axonal and dendritic EphB2 expression (see Figure 5A ). The changes observed in EphB2 expression Results correlate with the pattern of dendritic maturation which occurs in the postnatal CNS and suggested to us that
EphB2 Expression Changes Markedly in the Early
EphB2 may be involved in regulating postnatal synaptic Postnatal Period function. To examine EphB2 function in the postnatal CNS, we used mice heterozygous for a mutation of the EphB2 gene (ϩ/N2) in which the extracellular and juxtamemLoss of EphB2 Does Not Alter the Fundamental Circuitry or Fine Structure of the Hippocampus brane regions are fused to ␤-galactosidase (Henkemeyer et al., 1996). These animals, as well as homozyTo determine if EphB2 ablation altered the neuroanatomy of EphB2 null hippocampi, several immunologic gous N2/N2 mice, are neuroanatomically and functionally normal at all loci examined, including projections such and ultrastructural assays were employed. Western analysis of NMDAR1 and GluR1 showed no quantitative as the pars posterior of the anterior commissure, which is defective in EphB2 nulls (Henkemeyer et al., 1996) . difference between EphB2 null mice and controls in hippocampal lysates ( Figure 1K , left and middle panels, Similarly, EphB2 Ϫ/N2 mice are also neuroanatomically normal, indicating that a single EphB2 N2 allele rescues respectively). Timm's staining also showed a normal pattern of axonal and dendritic development for EphB2 the defects observed in EphB2 nulls. Thus EphB2 Figure 1Q ). The unalsion is extinguished during late embryogenesis with the exception of the superior colliculus and ventral foretered pattern of the latter three proteins is significant, as developmental disturbances in neuronal architecture brain. However, by postnatal day (P)7, EphB2 is reexpressed at low levels within the hippocampus (predomioften disrupt the patterns of late born interneurons that express these markers. nantly CA3 and dentate gyrus) and medial entorhinal and cingulate corticies. By P10, the level and extent of To examine the hippocampal ultrastructure of EphB2 null mice, CA1 and dentate granule neurons were examEphB2 expression is increased, most prominently within the hippocampus and neocortex, as well as Purkinje ined via Golgi staining, electron microscopy (EM), and in retrogradely labeled fluorescent preparations. The dendrites, amygdala, geniculate, and thalamic and hypothalamic nuclei ( Figures 1B and 1E Figures 1C and 1F-1J ). In addition, by P10, EphB2 is expressed in a dorsoventral gradient differ significantly. Analysis of 75 m segments of apical CA1 dendrite within the stratum radiatum of EphB2 nulls throughout the neocortex and exhibits a laminated pattern of expression, which is higher in layers IV and VI and controls (n Ն 9 segments analyzed for each of four individuals per genotype) showed similar spine densities ( Figure 1I , arrowheads) and somatosensory barrels (Figure 1G, arrowhead) . EphB2 also becomes expressed in (102 Ϯ 10 versus 118 Ϯ 9 per 100 m, respectively). The thickness of these dendritic shafts in EphB2 nulls a rostro-caudal pattern of stripes within Purkinje dendrites, similar to (but distinct from) that previously deappeared greater than that of controls in both Golgi ( Figure 2D versus Figure 2C ) and fluorescent preparascribed for zebrin ( Figure 1J ).
Not only does the general pattern of EphB2 exprestions ( Figure 2F versus Figure 2E ). However, analysis via EM cross-sections did not reveal significant differsion change during postnatal development, but the intracellular distribution of EphB2 changes as well during ences in either CA1 or dentate neurons (n Ն 22 per genotype). Similarly, no significant differences in numthis period in neurons. The dominant embryonic pattern of EphB2 is one of high-axonal/low-dendritic expression ber (density), morphologic appearance, or class of pre- 
55). 3G (4 cells/slices from three wild-type mice and 4 cells/ slices from four EphB2 null mice). The NMDA current
To derive the NMDA current, we determined the reduction in EPSC size, which occurred after addition of AP5, component (difference between control and AP5 plots, shaded portions Figure 3G ) was reduced in EphB2 nulls and this represented 174 Ϯ 21 and 255 Ϯ 28 pA in neurons from EphB2 Ϫ/Ϫ and EphB2 ϩ/ϩ mice, respeccompared to controls. We further quantified this difference in NMDA current, by sequentially perfusing slices tively ( Figure 3I ). Thus, NMDA-mediated current was significantly reduced in neurons from EphB2 Ϫ/Ϫ mice with D-AP5 and the AMPA receptor blocker NBQX (Figure 3H) . Dentate granule neurons were held at ϩ60 mV, compared to controls (p ϭ 0.03). The AMPA contribution was subsequently revealed by determining the reduca holding potential where synaptic current is carried Figure 5D ). To verify that EphB2 is phosphorylated at these tyrosines in the adult hippocampus, hippocampal The data above demonstrate that EphB2 null mice exhibit reductions in LTP at both Schaffer collateral CA1 lysates from EphB2 Ϫ/Ϫ and EphB2 ϩ/ϩ were immunoprecipitated with anti-EphB2 and immunoblotted with the and perforant path dentate synapses and exhibit a decrease in NMDA-dependent current. To gain insight into 435J. EphB2 exhibits substantial phosphorylation under these conditions ( Figure 5E ). the basis of these effects, we examined the distribution of NMDAR1 in dentate granule neurons of EphB2 null To determine the distribution of activated EphB2 in hippocampal neurons, cultured pyramidal neurons (P0, mice by immunogold labeling. Though dendritic spines of EphB2 Ϫ/Ϫ dentate granule neurons exhibit a normal cultured 5 weeks in vitro) were stained for 435J (green) and the presynaptic marker synaptophysin (red). Stainmorphologic appearance ( Figure 2H and Table 1) , EphB2 null mice demonstrate a 40% reduction in their level ing for 435J is observed in the dendritic shaft and spine as well as neural axons, similar to the pattern seen for of NMDAR1 associated with the postsynaptic density (PSD) in asymmetric axo-spinous synapses (Figure 4 these neurons in vivo ( Figures 5F and 5G ). Some dendritic spines exhibit juxtaposed staining of both synapand Table 1 ). In addition, levels of NMDAR1 labeling within dentate dendrites not associated with the cell tophysin and EphB2 (yellow arrowhead), while others exhibit EphB2 staining alone (green arrowhead). Thus, membrane exhibited a trend toward higher particle densities in EphB2 Ϫ/Ϫ mice compared to controls, though activated EphB2 is observed in only a subpopulation of pyramidal dendritic spines. this did not reach statistical significance (Table 1) hippocampi were isolated from EphB2 ϩ/ϩ mice 1 week following treatment. Western analysis of these hippocampal lysates demonstrate that both EphB2 and ephrin
Eph/ephrin Expression in Hippocampal Neurons
To understand the regulation of Eph/ephrin interactions B1 were modestly upregulated (2-fold) following kainic acid treatment ( Figure 6C ). To more specifically deterwithin the hippocampus, we examined dentate granule neurons in further detail. Figure 5A shows the pattern mine the sites of EphB2 upregulation, expression was monitored using EphB2 ϩ/N2 mice. As shown in Figures of EphB2 expression in the P10 adult hippocampus as measured by LacZ staining. In dentate granule neurons, 6D-6F, EphB2 expression was strongly upregulated in dendrites of dentate granule neurons following kainic EphB2 expression is dendritic and is not expressed in the polymorphic layer or mossy fiber termination zone acid, but not saline treatment. This increase was strongest in the dendritic region proximal to the granule cell (see also Figures 6D and 6F) . In contrast, ephrin B1 is concentrated to mossy fiber terminals ( Figure 5B) , layer ( Figure 6E ). EphB2 expression did not rise immediately following kainic acid treatment, but rather insuggesting that Eph/ephrin expression is segregated to different compartments in these neurons. To determine creased gradually over several days and persisted for the longest time point examined (5 weeks, data not the in vivo pattern of receptor activation within the dentate gyrus, we stained hippocampal sections with a shown).
To determine if loss of EphB2 had functional consephosphospecific antibody (435J) that specifically recog- Figures 6G and 6H) . HowExpression of EphB2 in the Postnatal CNS ever, while EphB2 ϩ/Ϫ and EphB2 ϩ/ϩ mice showed the Eph receptors have been shown to control the topoexpected pattern of mossy fiber sprouting following kaigraphic guidance and maturation of specific axons nic acid treatment with a loss of innervation to CA3, during neural development. We demonstrate here that EphB2 null mice exhibited a strong aberrant projection EphB2 also participates in the modification of synaptic toward the dentate hilus ( Figure 6J 
E and F) Higher magnification views of the dentate in kainic acid (E) and saline (F) treated hippocampi 5 days following treatment indicating location and intensity of EphB2 expression relative to molecular (ml) and dentate granule cell (arrow) layers (m ϭ sagittal midline, dh ϭ dentate hilus). A 10-fold greater development time was used to obtain the pattern shown in (D) compared to (E) and (F). (G-J) DiI labeling of saline (G and H) and kainic acid (I and J) treated hippocampi 4 weeks following treatment in EphB2 ϩ/Ϫ (G and I) and

Role of EphB2 in Synaptic Plasticity
medial perforant path/dentate granule synapses, LTP is strongly attenuated in EphB2 null mice. As this pathway LTP is a widely studied form of synaptic plasticity believed to represent a cellular mechanism of learning and represents a central input to the core circuitry of the hippocampus, these findings have important implicamemory in the hippocampus (Malenka and Nicoll, 1999;  Malinow et al., 2000) . Our results demonstrate that for tions for subsequent "downstream" neural transmission within this structure. That EphB2 null mice exhibit defisustained increase in EphB2 expression within the dentate granule dendrites. Several additional plasticity/ ciencies in LTP in both the dentate gyrus and CA1 is consistent with observations that these mice are defiinjury paradigms failed to elicit increases in EphB2 expression, suggesting that this response exhibits both cient in hippocampal-dependent tasks such as the Morris water maze (Grunwald et al., 2001) . Synaptic paramecell-type and stimulus specificity. That EphB2 may play a functional role in regulating postnatal sprouting followters such as paired-pulse facilitation and input-output responses are unaltered in EphB2 null mice, suggesting ing kainic acid treated is suggested from differences in the pattern of mossy fiber sprouting seen in EphB2 null that the defect in LTP reflects alterations in the postsynaptic mechanisms. EphB2 N2/N2 mice exhibited no deficits mice versus controls following treatment. In dissociated hippocampal neurons, EphB2 expresin LTP, indicating that the kinase domain and carboxyterminal elements of EphB2 are dispensable with resion was rapidly lost in the absence of depolarizing agents such as NMDA and kainic acid. However, EphB2 spect to LTP. It is, nonetheless, possible that EphB2 kinase activity has an impact on synaptic function, which expression could be maintained continuously for weeks in organotypic explants under similar conditions. Furis compensated for by other EphB family members or distinct tyrosine kinases in N2/N2 mutants. Previously, thermore, pyramidal neurons reexpressed EphB2 at sites of synaptic contact following several weeks in culintracranial infusion of exogenous Eph/ephrin A5 receptor/ligand bodies have indicated effects on behavior in ture. These data suggest that EphB2 expression is regulated by synaptic activity in CNS neurons. The fact that mice, though the mechanism is unclear (Gao and Phillips, 1999; Gerlai et al., 1999). While the degree of inhibiEphB2 regulates both axon guidance during embryonic development and postnatal synaptic function emphation or activation provided through infusion of these immunoadhesins is difficult to determine, the effects sizes the varied and complex roles for this receptor family in regulating cell-cell interactions within the CNS. observed likely reflect the results of multiple interactions between EphA/ephrin A family members.
Experimental Procedures
With respect to our LTP data, we observed a more modest reduction in LTP at Schaffer collateral/CA1 synMurine Lines/Sample Preparation apses compared to perforant path/dentate synapses. Treatment with agents such as kainic acid result in a analyses, a rabbit polyclonal antibody (Upstate Biotechnology) was were amplified with an Axoclamp 2B and analyzed using pCLAMP7 software (Axon Instruments). Field potentials were measured by used. For EphB2 immunoprecipitations, 1 mg of total protein was incubated with 5 g/ml EphB2 antiserum for 1 hr at 4ЊC. Samples obtaining slopes of the rising phase between 10% and 90% of peak response and were verified by addition of 5 M NBQX (RBI/Sigma) were then separated on SDS-PAGE and immunoblotted with appropriate antibodies. For IHC and EM, a mouse monoclonal of NR1 at the end of each experiment. Stimulation intensity was adjusted to obtain 25%-30% of maximal fEPSP. Tetani to induce LTP con-(Pharmingen 54.1) was employed. Anti-EphB2 was used as previously described (Holland et al., 1997) . We raised a phosphospecific sisted of two trains (10 s apart) at 100 Hz/1s stimulation. PAB (435J) to the EphB juxtamembrane region. Purified antisera was used at 1:1000 for immunoprecipitations and Western analyses, Dentate Granule Recordings and 1:300 for IHC. Staining for ␤-galactosidase activity was as preMice were tested in blind fashion at 4-6 weeks of age. Hippocampal viously described (Ausubel, 1991) . slices were perfused with ACSF consisting of: 124 mM NaCl, 3 mM KCl, 2.5 mM CaCl 2 , 1.3 mM MgSO 4 , 1.25 mM NaH 2 PO 4 , 26 mM Timm's/Golgi Staining NaHCO 3 , 10 mM D-glucose (pH 7.4, 30ЊC). In recordings of fEPSPs, Mice were perfused with 50 ml 0.37% sodium sulfide, (pH 7.2) for 50 M picrotoxin where indicated was added to block GABA A recep-5 min, followed by 50 ml 4% paraformaldehyde in PBS. Tissues tor-mediated inhibitory synaptic events. Recordings of excitatory were processed as previously described (Sloviter, 1982 The stimulating electrode was positioned in the dorsal blade of the hyde, 2% paraformaldehyde in PBS at 4ЊC. Samples were impregdentate molecular layer to record granule cell dendritic population nated with 1% osmium tetroxide, 2% uranyl acetate, and lead citrate responses (fEPSPs) or single cell synaptic currents (EPSCs) arising in 0.1 M cacodylate buffer (pH 7.3) (CB) for 1 hr, washed, then from medial perforant path stimulation. Stimulation intensity was dehydrated and embedded in Spurr resin. Seventy nanometer secadjusted to yield fEPSPs, which were 30% of the maximal spike tions were collected onto 200 mesh copper grids and stained with free fEPSP size. During tetanic stimulation, pulse duration was inuranyl acetate and Sato's lead citrate. The distal component of the creased 3-fold to 0.15 ms. In whole-cell recordings, stimulus intenstratum radiatum within the CA1 region and the central third of the sity was set to 50% of the maximum EPSC obtained at a holding molecular layer of dentate gyrus were examined on a Phillips CM potential of Ϫ60 mV. NMDA current was derived pharmacologically 100 electron microscope equipped with a Kodak QRS 2050 digital by determining the reduction in synaptic current upon addition of camera.
D-AP5. For postembedding immunogold IHC of NMDAR1, the dorsal
Field responses were recorded every 20s and slope (10%-50%) blade of the dentate gyrus and associated molecular layer were was normalized to control responses. EPSC recordings were colsubdissected from hippocampi in two pairs of P35 EphB2 ϩ/Ϫ and lected every 10 s and measured by peak amplitude. To calculate EphB2 Ϫ/Ϫ mice. Samples were fixed in 0.1% glutaraldehyde, 4% input-output relationships, stimulus strength was used as a measure paraformaldehyde in CB for 1 hr, dehydrated, then embedded in of input. Statistical differences were determined by Student's t test. Lowicryl K4M resin at Ϫ20ЊC. Blocks were polymerized overnight under UV light at Ϫ20ЊC. A series of 70 nm thick sections were then collected at intervals of 350 nm from each tissue block and placed Cell/Organotypic Culture onto numbered Formvar coated 200 mesh nickel grids. Tissue secPyramidal and dentate granule neurons (P0-1) were dissociated tions were incubated with anti-NMDAR1 MAB (Pharmingen, 1:100) from micro-dissected hippocampi by trituration and grown on glass at 4ЊC for 6 hr, followed by 10 nm gold-conjugated anti-mouse IgG coverslips coated with 10 g/ml ECM (Upstate Biotechnology) for (Amersham; 1:20) for 3 hr at 4ЊC as described (Milner and Drake, 2 hr at room temperature. For the first 48 hr, hippocampal cultures 2001). Samples were then poststained as given above. Fields conwere grown in 10% fetal calf serum (FCS), 2 mM glutamine, and taining asymetric spiny dendrites within the central third of the den-10 M cytosine arabinoside DMEM, then switched into Neurobasal tate molecular layer were examined at 46ϫ and 66,000ϫ magnificamedia (GIBCO) supplemented with B27 and 2 mM glutamine for 1-4 tion. Numbers of gold particles at or within 25 nm of the postsynaptic weeks. Granule cultures were grown in a medium of 10% FCS, 2 density (determined by morphological parameters) and along its mM glutamine, and 25 mM KCl in DMEM. Kainic acid, NMDA, CNQX, length were then determined. Density of immunogold labeling per and MK-801 were all from RBI/Sigma and used at concentrations synapse was calculated as a function of its XY area in units of of 10 M, 20 M, 20 M, and 20 M, respectively. m 2 . For EphB2 ϩ/Ϫ and EphB2 Ϫ/Ϫ mice, significant differences were Stimulation conditions of stable cell lines expressing EphB2 were determined by Student's t test following a Kolmogrov-Smirnov test as described (Holland et al., 1996) . For organotypic cultures, P7-35 for distribution normality.
hippocampi and spinal cords were dissected free of surrounding blood vessels and dura and cut at 300 m through the central third of the hippocampus or L2 level using a MacIlwain tissue chopper Electrophysiology/CA1 Recordings All chemicals used for electrophysiology were from RBI/Sigma unat 4ЊC. Slices were cultured on Anopore membrane inserts (Nunc), in 10% FCS, 2 mM glutamine, 100 units/ml penicillin-G, 100 g/ml less otherwise specified. CA1 recordings were as described (Jia et al., 1998). Briefly, field excitatory postsynaptic potentials (fEPSPs) streptomycin in DMEM for 5-14 days as described (Stoppini et al., 1991 
